Single upconversion nanoparticle optical characterizations for biophotonic applications by Zhou, Zhiguang
 
SINGLE UPCONVERSION NANOPARTICLE 






Institute for Biomedical Materials & Devices  
School of Mathematical and Physical Sciences, Faculty of Science 
 
Supervisors: 




This thesis is presented for the degree of Doctor of Philosophy 
Feb 2019 
i 
Certificate of Original Authorship 
I, Zhiguang Zhou, declare that this thesis is submitted in fulfillment of the 
requirements for the award of Doctor of Philosophy, in the School of Mathematical 
and Physical Sciences, Faculty of Science, at the University of Technology Sydney. 
This thesis is wholly my own work unless otherwise reference or acknowledged. In 
addition, I certify that all information sources and literatures used are indicated in the 
thesis. 
This document has not been submitted for qualifications at any other academic 
institution. 





















Firstly, I would like to thank my supervisor Prof. Dayong Jin who supervised me 
through my Ph.D. study. He have insights to foresee the trend of our research field and 
has great ideas of a wide research area related with biomedical photonics and devices. 
He has a desire for knowing new things and he still keeps reading literature even he is 
quite a busy man now. He also supported me with his philosophies about researching, 
team working and presentation. I record some of them in my notebook as the precious 
gift of my future life. His strong leadership also is a module that influences my life. 
Greatly, I would like to appreciate Dr. Fan Wang for his precious supervision and help 
all through these three and a half years. Fan is a master of all optics topics. His 
knowledge and skill are one of a kind in this area. Through my research, I learned a 
lot of knowledge from him. What is more important, he accompanies me through the 
dark times of my research and tried his best to help me. He is really patient and nice 
out of my expectation. To be his student, it is a great honour and luxury. People who 
read this should consider to be his student or colleague if possible.  
Next, I would like to acknowledge my colleagues and collaborators. Thanks to the 
people of the great optical group, including Chao Mi, Chaohao Chen, Yongtao Liu, 
Xuchen Shan and Baolei Liu. Thank you for a lot of beneficial discussions and helps. 
This group is like a big family and we have a memorable family lunch every Monday. 
I also thank the material guys, including Shihui Wen, Chenshuo Ma, Jiayan Liao, Du 
Li, for providing me the precious particles whose quality is really excellent. Thanks 
Yuan Liu, Yongtao Liu, Dr. Zhiyong Guo and Dr. Laixu Gao for the days with me in 
the dark room. Thanks my office mates: Ming Guan, Shihui Wen, Yulong Sun, 
Yinghui Chen, Wen Ren, Hao He, Chao Mi, Jiayan Liao, Dejiang Wang, Chi Li. I had 
a lot of fun with you and I appreciate your supports and friendship. I want to thank 
postdoctoral fellows: Helen Xu, Jiajia Zhou, Gungun Lin, Qian Su, Lixin Zhang, 
Yiqing Lu, Deming Liu, Hien Duong, and Maryam Parviz for your helps and 
discussion with me. I would like to also thanks Yingzhu Zhou, Leo Zhang, Baoming 




The thank yous must continue to include those collabrators. I would like to thank Prof. 
Igor Aharonovich, Prof. Milos Toth, Dr. Olga Shimoni from UTS, Prof Peng Xi and 
Dr. Xusan Yang from Peking University, Dr Peter John Reece from UNSW, Prof. Yi 
Du and Ms. Li Wang from the University of Wollongong, and Dr. Majid Ebrahimi 
Warkiani from UTS for their supports and discussions.  
I thank our school manager Elizabeth Gurung Tamang, lab manager Katie McBean 
and Tom Lawson for their guidance and help. 
I appreciate my friends JC Hong, Keiran Soh, Jessica Chung, Jason Chung, and Ivy 
Lim for helping me proof reading my thesis. I also thank Kirsty Balog from The Expert 
Editor for editing my thesis. 
The biiiiiig thank you goes to my wife Joanna Chen, who has been with me in Australia 
for my PhD. She is so wonderful a wife. During my PhD, we had a lovely baby Noah. 
Without much support from his husband, a busy PhD student, she took care of Noah 
and the whole family. There have been tears and laughter’s in our small room. I really 
appreciate your agape love to me. I love you. I also thank all of my family members 
for your supports and understanding. 
I praise my Lord Jesus. Without HIM, I definitely can’t go through the dark and blue 
days, the frustrations, the depressions. HE is my strength and my defence; HE has 
become my salvation.  
Finally, I would like to acknowledge the Australia Government and the Faculty of 










Format of Thesis 
This thesis follows the conventional format of five chapters. The relationship between 
these chapters are shown in the flowchart below. 
 
Chapter 1 is the introduction chapter and it has two sections. The first section 
introduces upconversion nanoparticles (UCNPs). It will introduce the upconversion 
luminescence mechanism, the material synthesis, the optical properties, and the 
current applications of UCNP. The second section is a literature review of the current 
progress in single nanoparticle characterization. It includes the significance and 
methods of single nanoparticle characterization as well as the specific 
characterizations and related applications it has already been applied to.  
Chapter 2 provides detailed information of systems I developed for this thesis. The 
single nanoparticle optical characterization system (SNCS) will be introduced. Also, 
the operations of this system, such as preparation of samples and characterization 
methods, will be introduced. The applications of this system into cooperative works 
will also be shown in the last part of this chapter. 
Chapter 3 and chapter 4 are the experimental chapters. In chapter 3, the single 
nanoparticle characterization methods will be applied to research the shell thickness 
of UCNP to get brighter particles. In chapter 4, the self-interference effects of UCNPs 





Chapter 5 is the conclusions and perspectives of this thesis. The conclusions of this 
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Abbreviations  Full names 
2/3D Two/three dimensions 
AFM Atomic Force Microscope 
ALA 5-Aminolevulinic Acid 
CCD Charge-coupled device 
CDs Carbon Dots  
CR Cross Relaxation 
CUC Cooperative Upconversion 
CW Continuous Wave  
demitter distance change between emitter 
DLS Dynamic Light Scattering 
EMU Energy Migration Mediated Upconversion 
ESA Excited State Absorption 
ETU Energy Transfer Upconversion 
FFT Fast Fourier Transform 
FOV Field Of View 
FRET Fluorescence Resonance Energy Transfer  
FWHM Full Wavelength Half Maximum 




InM Interference Microscopy 
LUT Look Up Table  
MEANs Mirror Enhanced Axial Narrowing Super resolution  
MOF Micro-structured Optical Fibers 
ND Neutral Density  
NIR(IR) Near Infrared (Infrared) 
NIS Nanoscale Interferometry Sensor 
ODE 1-Octadecene 
PA Photon Avalanche 
PALM Photo-Activated Localization Microscopy 
PDT Photodynamic Therapy 
PET Positron Emission Tomography 
PpIX Protoporphyrin IX  
PSA Prostate Specific Antigen 
PSF Point Spread Function 
QDs Quantum Dots  
RESOLFT 
Reversible Saturable/Switchable Optical Linear Fluorescence 
Transition 
RGB Red Green Blue 
SIM Structured Illumination Microscopy 




SNCS Single Upconversion Nanoparticle Characterization System 
SP Short pass 
SPAD single-photon avalanche diode 
SPECT Single-Photon Emission Computed Tomography 
STED Stimulated Emission Depletion  
STORM Stochastic Optical Reconstruction Microscopy 
TEM Transmission Electron Microscopy 
UCL Upconversion Luminescence  
UCNP(s) Lanthanide-Doped Upconversion Nanoparticle(s) 







Lanthanide elements-doped upconversion nanoparticles (UCNPs) are of 
great interest in both biophotonics and nanophotonics. These 
nanoparticles possess many advantages including low background noise 
level, low excitation energy, high photostability, tunable wavelength and 
lifetime, and high tissue penetration depth. However, the development of 
UCNPs has been hindered by a lack of quantitative analysis technology. 
Such technologies must have the ability to distinguish a single particle; 
and the sensitivity to detect the emission lifetime and spectrum of a single 
particle, both of which are challenging to achieve with the current optical 
measurement instrumentation.  
In my PhD thesis, I will describe a novel single UCNPs characterization 
method, which offers a way to achieve highly precise, efficient, and 
quantitative measurements (Chapter 2). This technology will be applied 
in Chapter 3 to investigate the energy transfer process in the core shell 
UCNPs. The results revealed that the optimized shell thickness is 6.3 nm 
for fluorescence probe. In Chapter 4, I used this single particle 
characterization system to investigate the self-interference phenomenon 
of UCNPs on a mirror surface. Based on the observed intensity curves, I 
developed a nanosensor with the ability to detect axial position with 10 
nm resolution. More importantly, I found an incomplete destructive 
xiv 
 
interference (IDI) phenomenon, which may enable real-time super-
resolution microscopy in the future. In Chapter 5, conclusions are drawn 
and the prospectives including single UCNP lasing, mirror enhanced 
super resolution, and interaction of multi-emitters in a UCNP are 
introduced. 
Key words: upconversion nanoparticles, single nanoparticle 
characterization, confocal microscopy, core-shell structure, filter-based 
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